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Background— The core region of a myocardial infarction is notoriously unsupportive of cardiomyocyte survival. However, there has 
been less investigation of the potentially beneficial spontaneous recruitment of endogenous bone marrow progenitor cells (BMPCs) 
within infarcted areas. In the current study we examined the role of tissue oxygenation and derived toxic species in the control of 
BMPC engraftment during postinfarction heart remodeling. 

Methods and Results — For assessment of cellular origin, local oxygenation, redox status, and fate of cells in the infarcted region, 
myocardial infarction in mice with or without LacZ + bone marrow transplantation was induced by coronary ligation. Sham-operated 
mice served as controls. After 1 week, LacZ + BMPC-derived cells were found inhomogeneously distributed into the infarct zone, 
with a lower density at its core. Electron paramagnetic resonance (EPR) oximetry showed that p0 2 in the infarct recovered starting 
on day 2 post-myocardial infarction, concomitant with wall thinning and erythrocytes percolating through muscle microruptures. 
Paralleling this reoxygenation, increased generation of reactive oxygen/nitrogen species was detected at the infarct core. This 
process delineated a zone of diminished BMPC engraftment, and at 1 week infiltrating cells displayed immunoreactive 
3-nitrotyrosine and apoptosis. In vivo treatment with a superoxide dismutase mimetic significantly reduced reactive oxygen species 
formation and amplified BMPC accumulation. This treatment also salvaged wall thickness by 43% and left ventricular ejection 
fraction by 27%, with significantly increased animal survival. 

Conclusions — BMPC engraftment in the infarct inversely mirrored the distribution of reactive oxygen /nitrogen species. 
Antioxidant treatment resulted in increased numbers of engrafted BMPCs, provided functional protection to the heart, and 
decreased the incidence of myocardial rupture and death. (J Am Heart Assoc. 2014;3:e000471 doi: 10.1 161/JAHA.1 13. 
000471) 
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In addition to resident stem/progenitor cells, 1 ' 2 nonhe- 
matopoietic 3-5 and hematopoietic 6 bone marrow-derived 
cells also possess cardiogenic, vasculogenic, and fibrogenic 
capabilities. However, their potential could not be successfully 
applied to treat the sequelae of myocardial infarction (Ml) 



From the Department of Internal Medicine/Division of Cardiovascular Medicine 
(N.I.M., J.L.Z.) and Davis Heart and Lung Research Institute (N.I.M., M.A., S. V., 
0.1. B., T.W., F.Y., L.M., J.L.Z.), The Ohio State University, Columbus, OH. 
Correspondence to: Nicanor I. Moldovan, PhD, or Jay L Zweier, MD, Davis 
Heart and Lung Research Institute, 460 W. 12th Ave, Columbus, OH 43210. 
E-mail: nicanor.moldovan@osumc.edu, jay.zweier@osumc.edu 
Received August 16, 2013; accepted December 1, 2013. 
© 2014 The Authors. Published on behalf of the American Heart Association, 
Inc., by Wiley Blackwell. This is an open access article under the terms of the 
Creative Commons Attribution-NonCommercial License, which permits use, 
distribution and reproduction in any medium, provided the original work is 
properly cited and is not used for commercial purposes. 



because of our incomplete understanding of their in vivo 
behavior and also due to the poor receptivity of the 
deployment site. 7 Normally, the place of cell administration 
is the border zone of an infarct, 2 but the additional benefit of 
cell preconditioning triggered by hypoxia 8 or reactive oxygen 
species (ROS) 9 demonstrates that these factors also modu- 
late the efficacy of cell therapy in infarcted hearts. However, 
the impact of the milieu at the core of the infarcts on survival 
and functions of either exogenous or endogenous cells with 
primitive characteristics and/or repairing capacity has not 
been fully investigated. 

Stimulated recruitment of bone marrow-derived progenitor 
cells (BMPCs) is beneficial to postinfarction recovery. 3 In 
addition, the limitation of spontaneous BMPC engraftment in 
the hearts of c-Kit/CD1 17-knockout mice with permanent 
coronary ligation decreases postinfarction survival and con- 
tractile function, compared with wild-type controls. 10 These 
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effects could rely on direct differentiation and/or fusion with 
adult cardiomyocytes, 11 or paracrine mechanisms (including 
intercellular micro-RNA 12 or mitochondrial 13 transfer). The 
origin of cardiac myofibroblasts is also attributed to circulat- 
ing precursors that originate in the bone marrow.' 4 ' 15 These 
myofibroblasts are no longer considered passive bystanders 
and/or generators of unwanted scarring, but contributors to 
an emergency repair process that mechanically stabilizes the 
ventricular cavity against rupture following infarction. 1 Clin- 
ically, immunosuppressive treatments lead to increased 
cardiac rupture. 17 Moreover, in a murine model of myocardial 
infarction (Ml) macrophage depletion also impairs healing. 18 
In this respect, we have shown that macrophages facilitate 
progenitor cell recruitment, 19 and others demonstrated that 
these cells affect differentiation-dependent functions of 
myofibroblasts via their secretion of metalloproteinases 
MMP-12 19 and MMP-28, 20 respectively. These data, along 
with others showing that BMPCs could adopt a cardiomyo- 
genic fate in vivo, 21,22 argue for a supportive role of circulating 
BMPCs in maintaining the functioning and stimulating the 
repair and/or regeneration of the heart after infarction. 

If left untreated larger heart infarcts often fail to heal, with 
common complications of left ventricular (LV) failure, rupture, 
and death. Unfortunately, the factors that limit the effects of 
BMPCs in post-MI recovery remain poorly understood. Severe 
myocardial hypo-oxygenation 23 and oxidative stress 24 are well 
known to occur during chronic ischemia, but the mechanisms 
have been studied so far mostly in the context of ischemia/ 
reperfusion. Both these processes may limit the ability of 
BMPCs to successfully engraft, survive, and differentiate in a 
chronic infarct as well. Therefore, the goal of this study was to 
characterize how the alterations in myocardial oxygenation 
and oxidative stress modulate BMPC-mediated repair and how 
this repair process can be augmented through regulation of 
redox stress. 



Methods 

Bone Marrow Transplantation 

All experiments were performed in accordance with the 
guidelines of the Office for Responsible Research and of 
the Institutional Animal Care and Use Committee (IACUC) of 
The Ohio State University. We used 12-week-old male mice 
expressing LacZ ("Rosa," 129-Gt[ROSA]26Sor; Jackson Labo- 
ratories, Bar Harbor, ME) as donors and age-matched wild- 
type controls as recipients. Bone marrow was harvested by 
flushing tibias and femurs of donor mice with RPMI 1640 
medium (Life Technologies, Grand Island, NY) and filtered 
through a 40-|im nylon mesh (Miltenyi Biotec, Auburn, CA) to 
obtain a single cell suspension. Recipients were irradiated 
with 600 rads in 2 charges separated by 3 hours. Within 



2 hours, the recipients were injected via tail vein with 5x 10 6 
bone marrow cells. For the next 4 days, these mice were 
injected intraperitoneally with 750 uL of PBS daily (to prevent 
dehydration) and allowed to reconstitute their hematopoietic 
system for 2 months. As a general rule, cells from 1 donor 
mouse were injected into 4 recipients. 

Coronary Ligation 

Mice with or without previous bone marrow transplantation 
were anesthetized with ketamine (55 mg/kg) and xylazine 
(15 mg/kg). Atropine (0.05 mg subcutaneously) was adminis- 
tered to reduce airway secretions. Animals were intubated and 
ventilated with room air (tidal volume, 250 ul; 120 breaths/ 
min) with a mouse respirator (Model 845; Harvard Apparatus, 
Holliston, MA). A left intercostal thoracotomy was performed, 
and the left anterior descending coronary artery was ligated 
with a 7-0 silk suture. For each experiment, a similar number of 
sham-operated mice underwent the same surgery minus the 
coronary artery ligation. Rectal temperatures of the mice were 
maintained at 37°C by a Thermopad (Harvard Apparatus). 
Similar basal heart rates were observed in all animals, with 
values of 300 to 400 bpm, typical for anesthetized mice. 

Antioxidant Treatment 

For assessment of the effect of antioxidants on engraftment 
of BMPCs, we performed coronary ligation in 56 mice as 
described, of which 1 group of 14 mice had previously received 
bone marrow transplantation (BMT). After 24 hours, mice were 
randomly assigned to 2 equal-sized groups: 1 group was 
injected intraperitoneally with the superoxide dismutase/ 
catalase mimetic (SODm) manganese (III) tetrakis (1-methyl-4- 
pyridyl) porphyrin (Alexis, San Diego, CA) at 25 mg/kg body 
weight in 0.5 mL of PBS, twice a day at 12 hour intervals, and 
the other group served as control (injected with PBS in the same 
conditions). The hearts of mice with BMT were collected and 
stained for p-galactosidase expression (vide infra), digital 
pictures were taken on a binocular microscope, and they were 
further used for various stainings, as described below. At the end 
of the experiment, the non-BMT surviving mice were euthanized, 
and their hearts were collected and fixed. One of the control 
mice died at surgery and was not used in this analysis. 

Assessment of Myocardial Tissue Blood Flow 

The fourth rib was removed after thoracotomy, and an optic 
suction probe (P10d; Moor Instruments, Wilmington, DE), 
connected to a laser Doppler perfusion monitor (Moor 
Instruments), was placed on the area at risk. Before and 
during coronary occlusion, regional myocardial blood flow was 
continuously monitored. 
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In Vivo EPR Oximetry 

In one experiment, 10 ug of the oxygen-sensing spin probe 
lithium phthalocyanine (LiPc) microcrystals, synthesized elec- 
trochemically as described, 25 was loaded into a 26-gauge 
needle and implanted in the hearts of additional groups of 
sham-operated animals or in the midmyocardium of the core or 
within the border zone of the area at risk, after surgically 
exposing the hearts 26 (>4 mice per condition). The 0 2 response 
of LiPc showed good linearity from 0 to 114 mm Hg, with a 
sensitivity of 5.5 mGauss/mm Hg. 27 The electron paramag- 
netic resonance (EPR) spectra of LiPc crystals were obtained 
with the use of home-built or commercial (Magnettech, Berlin, 
Germany) L-band spectrometers with a frequency of 1.1 GHz, 
microwave power of 16 mW, modulation field of 0.045 G, and 
scan width of 3 G. After a 30-minute equilibration period, EPR 
oximetry was performed immediately before and after left 
anterior descending ligation, and on days 1, 3, 5, and 7, as 
previously described. 28 

LacZ Expression and Immunohistochemistry 
on Paraffin Sections 

The presence of bone marrow-derived cells in the infarcted 
hearts was assessed after BMT and compared in 2 sets of mice: 
( 1 ) mice with coronary ligation versus controls (sham-operated; 
n=7 per group); and (2) mice with coronary ligation with versus 
without antioxidant treatment (n=7 per group; see above). In all 
groups, 1 week after surgery mice were anesthetized and 
hearts collected and placed in Krebs buffer at 37°C. After 
10 minutes the hearts were transferred into a fixative contain- 
ing 2% formaldehyde and 2.5% glutaraldehyde in PBS for 
24 hours at 4°C. For visualization of p-galactosidase expres- 
sion, hearts were incubated overnight in basic X-gal solution 
(Amersham, Piscataway, NJ), pH 7. 5, 29 then embedded in 
paraffin, and 4-um sections were cut and used for hematoxylin 
and eosin staining, for immunohistochemistry, or for immuno- 
fluorescence. p-Galactosidase-stained sections (1 per heart per 
histochemical procedure) were further incubated with the 
antibodies anti-mouse F4/80 (AbD Serotec, Raleigh, NC), anti— 
troponin I, anti-smooth muscle actin, anti-ABCG2 (Abeam, 
Cambridge, MA), anti-Oct4 or anti-connexin 43 (Cell Signaling 
Technology, Danvers, MA) and processed with an ABC kit from 
Vector Laboratories (Burlingame, CA). Alternatively, when the 
LacZ staining was weak, heart sections were incubated with 
anti-lacZ antibody (Invitrogen Corp, Carlsbad, CA) followed by 
ABC. For collagen detection we performed Masson's Trichrome 
staining. Counterstaining for nuclear localization with maxi- 
mum contrast was performed with hematoxylin or Fast Red as 
appropriate. For imaging we used a Nikon Eclipse E800 
microscope (Nikon Corporation, Japan). Histological images 
were recorded on Kodak 35-mm positive slides that were then 
digitized with Nikon Supercoolscan 9000 (Nikon Corporation). 



Engrafted BMPCs were also detected and probed using 
immunofluorescence with (1) fluorescein-labeled Griffonia 
simplicifolia lectin I— isolectin B4 (Vector Laboratories, Burlin- 
game, CA), (2) anti-mouse NOS3, anti-mouse CD1 17/cKit or 
anti-NOS2 antibodies (Santa Cruz Biotechnology, Santa Cruz, 
CA), or (3) anti-nitrotyrosine antibody (Millipore, Billerica, MA), 
followed by secondary detection with Texas Red-conjugated 
antibodies (Santa Cruz). Nuclei counterstaining was done with 
4',6-diamidino-2-phenylindole (DAPI) (Invitrogen) and imaging 
was done with an Eclipse E800 microscope equipped with a 
CCD SenSys digital camera (Photometries, Tucson, AZ) at 
405-, 488,- and 595-nm excitation wavelengths. 

Immunofluorescence on Frozen Sections 

In a separate set of experiments, hearts from mice with Ml and 
from sham-operated mice on days 1, 3, 5, and 7 after coronary 
ligation, as well as from mice with coronary ligation with or 
without manganese (III) tetrakis (1-methyl-4-pyridyl) porphyrin 
treatment in day 7 after surgery (n=3 per condition, per time) 
were embedded in optimum cutting temperature (OCT) and 
snap-frozen in liquid nitrogen. For immunocytochemistry, 
5-um frozen sections were treated as follows: (1) fixed at room 
temperature with 3.7% paraformaldehyde for 10 minutes, (2) 
permeabilized with 0.25% Triton X-100 in tris-buffered saline 
containing 0.01% Tween-20 (TBST) for 5 minutes, (3) blocked 
for 30 minutes with 1% BSA in TBST, (4) incubated with 
primary mouse anti-NOS2, rabbit anti-nitrotyrosine, or mouse 
anti-CD34-phycoerythrin in TBST+1% BSA for 1 hour at room 
temperature, and (5) incubated with the respective secondary 
goat anti-rabbit, Alexa Fluor 488-conjugated and goat anti- 
mouse, Alexa Fluor 586-conjugated antibodies (1:1000 dilu- 
tions) as necessary for 1 hour at room temperature. After 
thorough washing with TBST the sections were mounted in 
antifade mounting medium (Fluoromount-G, Birmingham, AL) 
and examined using an Olympus FV 1 000 confocal microscope 
(Olympus America Inc, Melville, NY) with the x10 or x20 
objective and with 405-, 488-, and 543-nm excitation for DAPI, 
green fluorescence, and red fluorescence, respectively. 

For quantification of NOS2 + and CD34 + cells, 3 sections 
each from a different heart were analyzed, and 3 fields from 
the infarct area were acquired, with the same laser settings 
(using as controls unstained sections). Using Olympus 
FluoView Viewer v. 3.0 software, we measured the respective 
fluorescence intensity (arbitrary units) for each fluorophore, 
and the results were averaged for each condition. 

ROS Detection 

Whole mount staining of hearts 

For assessing spatial distribution of ROS formation, we 
performed coronary ligation in 9 non-bone marrow trans- 
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planted C57/BI6 mice as described. Then, at 1, 3, and 7 days 
the hearts from 3 mice per time point were collected from 
anesthetized animals injected with heparin, washed while 
beating in fresh Krebs buffer for 1 minute at 37°C, and then 
immersed in freshly made 2 mL of Krebs buffer containing 
5 (imol/L 5-(and-6)-chloromethyl-2',7'-dichlorodihydrofluo- 
rescein diacetate, acetyl ester (CM-DCF-DA) and 10 u,mol/L 
dihydroethidine (DHE), which on reaction with superoxide 
converts to ethidium derivatives, fluorescent in red wave- 
lengths 30 (both from Invitrogen Corp). Whole hearts were 
incubated at room temperature for 20 minutes and surface- 
imaged with x1 or x40 objectives in an Eclipse 800 
microscope. 

Measurement of ROS and redox buffering capacity in 
heart sections 

ROS generation in OCT-embedded myocardial tissue from the 
same mice used for immunofluorescence (see above) was 
determined using DHE as described. 3 ' Briefly, one 5-nm-thick 
transverse section from each of 3 hearts per condition was 
covered with DHE (10 |imol/L in PBS) along with the nuclear 
stain Hoechst 33342 — trihydrochloride, trihydrate 
(0.5 (imol/L). The slides were incubated in a light-protected 
chamber at 37°C for 30 minutes and mounted using Flouro- 
mount-G. Three to 5 images from each section were obtained 
using an Olympus FV 1000 confocal microscope with the x 10 
or x20 objectives at 405- and 543-nm excitation. Fluores- 
cence intensity, which positively correlates with the amount 
of superoxide generation, was determined in the myocardial 
tissue from the infarcted areas, then quantified by automated 
image analysis using the Olympus software as described. 

To identify the origin of superoxide, we incubated 3 
additional sections from the same hearts, each with DHE as 
described but in the presence of either the SOD mimetic Mn 
(lll)tetrakis(4-benzoic acid)porphyrin chloride (Alexis Biochem- 
icals, San Diego, CA), the NADPH oxidase inhibitor VF244 32 
(Molecules for Health, Richmond, VA), or the NOS2 inhibitor 
L-NIL (Caymen, Ann Arbor, Ml) at 100 and 50 u.mol/L. 
Fluorescence intensity was measured as described and 
averaged for 3 to 5 images per section; 3 hearts per condition 
were analyzed. The remaining signal in the presence of Mn(lll) 
tetrakis(4-benzoic acid)porphyrin chloride was considered 
nonspecific (background signal), and therefore was subtracted 
from all other mean intensities in control, VF244 treated, and 
L-NIL treated sections. 

Whole-Organ Image Analysis 

Whole hearts from 4 mice with coronary ligation and 
manganese (III) tetrakis (1-methyl-4-pyridyl) porphyrin treat- 
ment and 3 mice with coronary ligation and PBS treatment 
after bone marrow transplantation, as described, were stained 



for LacZ expression as described, and they were photo- 
graphed with a Nikon stereomicroscope. MetaMorph was 
used to find the differences in the intensity of blue staining by 
(1) color separation and (2) analysis of inverted blue channel. 
Infarct region was then contoured on this image, integrated 
pixel intensity was divided by the region area, and average 
pixel intensities thus calculated were used for various 
comparisons. 

Determination of Heart Function by Magnetic 
Resonance Imaging 

Mice were imaged on an 11.7-T (500 MHz) magnetic reso- 
nance microimaging system with Bruker Advance console, 
using an radiofrequency probe with an inner diameter of 
2.8 cm and shielded microgradients capable of 100 G/cm and 
1 10-u.s rise time (Bruker Biospin, Ettlingen, Germany). Tuning 
and matching the probe, slice-selective shimming and flip- 
angle calibration were performed manually before each exper- 
iment. Scout imaging for long- and short-axis orientation of the 
heart, using a k-space segmented cardiac-triggered and ECG- 
gated gradient-recalled echo fast low-angle shot sequence, was 
performed. Six to 7 contingent slices (slice thickness, 1 mm) 
were then acquired in short-axis orientation covering the entire 
heart. Images were acquired with the following parameters: 
field of view (FOV), 25 mm; slice select thickness, 1 mm; matrix 
size, 256x256; TE/TR, 1.6/5.0 ms; and radiofrequency 
Gaussian excitation pulse, 30°. Standard Bruker scouting 
images were used to locate the heart. Acquisition of multiple 
axial short-axis slices covering base to apex was done in 
<30 minutes. An inhouse image analysis algorithm as reported 
previously 33 allowed quantification of both heart morphometry 
and wall motion following experimental infarction, from which 
cardiac output was determined. Six mice per treatment 
condition (SODm or vehicle control) were anesthetized with 
1% isoflurane in room air at a 2.0 L/minute flow rate, 
positioned within a cradle containing a built-in nose cone for 
isoflurane delivery and placed in the RF coil tuned to 500 MHz. 
The ECG signals obtained from the subcutaneous leads were 
used to provide external triggering of fast gradient echo cine 
imaging sequences. Body temperature was maintained at 37°C 
through a rectal thermoprobe controlling an external heating 
unit. A respiration pad placed between the cradle and the 
thoracic cage was used to monitor breathing rate. 

Data Analysis 

The statistical significance of differences for various compar- 
isons was determined with the 1-tailed Student t test using 
built-in routines in Excel 2010 and Minitab Statistical 
Software (Minitab, Inc 2009, State College, PA). P<0.05 was 
considered statistically significant. Because the sample size 
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was small in some experiments (3 to 6 animals), we also 
performed the nonparametric Mann-Whitney test (Wilcoxon 
rank sum test). In all instances, the P values confirmed the 
level of significance obtained with the f test. Kaplan-Meier 
survival analysis was done with IBM SPSS Statistics v. 19 (IBM 
Corporation, Armonk, NY). Data are expressed as mean±SD, 
as indicated in figure legends. 



Results 

Pattern of BMPC Recruitment and Differentiation 
in the Infarcted Heart 

In mice transplanted with LacZ-expressing bone marrow, 
whole-heart B-galactosidase staining 7 days after coronary 
ligation allowed direct assessment of the distribution of 
BMPCs recruited into the ischemic at-risk zone (Figure 1). 
Given the very thin and transparent mouse epicardium, this 
staining (which appears blue) is representative of muscle 
colonization with BMPCs, as confirmed by cross-sectional 
histology (Figure 2) and also shown by others. 34 As expected, 
in control hearts (without coronary ligation), the staining for 
LacZ was absent (Figure 1A), whereas in the infarcted 
myocardium LacZ + -positive BMPCs were abundant yet vari- 
ably distributed in a band starting from the border zone and 
expanding to the ischemic core. This produced a rim of dense 
p-galactosidase expression, but the infarct core was variably 
stained (Figure 1B and 1C). As shown below, this staining 
variability persists over time and arises because of active 
detrimental processes limiting BMPC survival. Overall, LacZ + 
cell accumulation had an inverse relationship with the extent 
of LV remodeling (compare Figure 1B and 1C), in accordance 
with previous findings. 35 



Distribution of LacZ + cells in heart sections followed the 
pattern seen on the surface, with a preferential localization 
starting at the interface between the healthy and ischemic 
tissue. In sections of nonischemic myocardium of infarcted 
hearts, cardiomyocytes were uniformly labeled by the anti- 
troponin I antibody in a banded pattern (Figure 2A). Troponin I 
immunoreactivity was fainter and uneven in cardiomyocytes 
of the border zone (Figure 2B). In line with previous data 
suggesting the cardiomyogenic potential of BMPCs, 21 ' 22 
clusters of LacZ + cells were occasionally found in a perivas- 
cular location (Figure 2B). These cells with relatively little 
cytoplasm and larger nuclei than nearby vascular and 
inflammatory cells were integrated with mature cardiomyo- 
cytes that demonstrated weak troponin I staining. In the 
border zone we also observed compact patches of LacZ + cells 
(blue) intermixed with small troponin l-positive (brown) and - 
negative cells (Figure 2C). Of note, the size of cardiac 
precursor cells, in addition to their molecular composition, 
remains a valuable criterion for differentiation status on 
cardiomyocyte lineage. 36 

One week after infarction, polymorphonuclear leukocytes 
were largely absent. However, we could identify in the infarct 
zone monocytes/macrophages double-positive for LacZ and 
F4/80, a mouse macrophage marker (Figure 2D), and LacZ/ 
smooth muscle actin double-positive cells with a morphology 
of myofibroblasts (Figure 2E). Signs of fibrosis were minimal 
at this time, the deposits of organized collagen fibrils being 
mostly limited to the surface (Figure 2F). 

We also found occasional immunoreactivity for connexin 
43, mostly in areas in contact with adult cardiomyocytes 
(Figure 2G). Immunostaining also revealed abundant stem/ 
progenitor cell markers in the infiltrating cell population, 
illustrated by the expression of ABCG2/CD338 (Figure 2H) 




Figure 1. Pattern of engraftment and repair activity of bone marrow progenitor cells (BMPCs) in experimental infarction after bone marrow 
transplantation. A, Staining of a heart without coronary ligation. B and C, Hearts with coronary ligation for 1 week (replicates). Note the band-like 
accumulation of bone marrow-derived cells at the interface of the normal and ischemic zones and the inverse relationship between the quantity 
of bone marrow cells and the amplitude of cardiac remodeling; arrows indicate superficial hemorrhages in the BMPC exclusion zone. All hearts 
(n=7 per group) were simultaneously incubated in the P-galactosidase substrate (blue color). 
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Figure 2. Cellular composition of the myocardium 1 week post-MI. A through C, Anti-troponin I immunostaining. A, Noninvolved myocardium in 
an infarcted heart, with intense, striated labeling of cardiomyocytes (pale blue color represents nuclei stained with hematoxylin). B, Cluster of 
LacZ + bone marrow-derived cells (bright blue/cyan in the cytoplasm, arrows) adjacent to a blood vessel, apparently in the process of integration 
with preexistent cardiac myofibers in the infarct border zone. Troponin I expression is weaker and nonuniform in this region, indicative of the 
ischemic state of the myocardium (same heart as in A). C, Mosaic distribution of LacZ + cardiomyocytes (troponin l + ), arrows, in a cluster of BMPCs 
in the border zone. D, Cells expressing the mouse macrophage marker F4/80 (arrows), with some grouped in pairs (arrowheads), interspersed 
with other LacZ + bone marrow-derived cells. E, Cells with a myofibroblast morphology (arrows) displaying a yellowish color as a result of the 
overlay of LacZ staining (pale blue) and anti-smooth muscle actin (brown). F, Collagen deposition visualized by Trichrome staining. In the infarct 
core at 7 days, only a few mature collagen fibers (blue staining) are present, mostly in the epicardial layer (arrows). G, Expression of connexin 43 
in an infarct-recruited LacZ + cell (arrow, brown staining). The banded staining for connexin 43 is also detectable at the interfaces between adult 
cardiomyocytes (seen in oblique section, arrowheads). H, Expression of primitive marker ABC-G2 detected by immunostaining (brown) in isolated 
mononuclear cells (arrows) and in double-positive LacZ/ABC-G2 microvessels containing erythrocytes (arrowheads). I, Imunonodetection of the 
primitive cell marker Oct4 in infiltrating mononuclear cells (brown, arrows). J, LacZ-positive blood vessel (arrow) in a field containing many c-kit/ 
CD117 (brown)/l_acZ + (blue) bone marrow-derived double-positive cells (arrowheads). K, Negative control for J, with Fast Red as nuclear 
counterstain (J). The arrow points to LacZ + cells in a microvessel (identified by the presence of erythrocytes). L, Immunostaining for p 1 - 
galactosidase expression in microvessels (brown, arrows). The antibody also detected clusters of mononuclear cells (arrowhead). The hearts (n=5 
for coronary ligation; n=4 for sham-operated mice) were the same as those used in Figure 1. A through I and L, counterstaining with hematoxylin. 
Original magnifications: A through E and G through K, x200; F and L, x120. BMPC indicates bone marrow progenitor cell; Ml, myocardial 
infarction. 



and Oct4 (Figure 21), which are "side population" and 
embryonic markers, respectively, as well as c-Kit/CD 1 1 7 
(Figure 2J, arrowheads). In addition, in the border zone many 
cells in small- and medium-sized microvessels expressed 
LacZ, indicative of ongoing neovascularization with contribu- 



tion of bone marrow cells (Figure 2J and 2K, arrows). This 
process was confirmed by the presence of p-galactosidase by 
direct immunodetection in microvessels and in clusters of 
infiltrating cells (Figure 2L), as expected from the direct LacZ 
staining. 
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Structural Correlates of BMPC Distribution 

We questioned why the pattern of BMPC engraftment is 
limited to a band covering the transition from classical 
"border zone" to within the "at risk" region, with a reduction 
at the central core. We observed that LacZ + cells were largely 




* — infarct core 
■ — border zone 
O — sham 



Figure 3. Ventricular microruptures and microhemorrhages as 
originators of passive reoxygenation in infarcted hearts. A, Hemor- 
rhages seen from the ventricular surface in the BMPC-devoid core of 
the infarct (arrows). B, Hemorrhages were often associated with 
ventricular aneurysms in the infarct area (encircled). C, Extensive 
mural hemorrhage (arrows) and ventricular ruptures in an infarct 
area. D, Apparent origin of percolating erythrocytes from the left 
ventricular (LV) cavity (arrow). Note the reliance of cardiac wall 
integrity in this area mostly on the bone marrow-derived infiltrating 
cells (blue). Original magnifications: C, x120; D, x40. E, Postinfarc- 
tion myocardial oxygenation assessed by in vivo EPR oximetry. Mice 
(n>4 per group) were implanted with an LiPc oximetry probe either in 
the border zone (squares) or at the core of the infarct (triangles). 
Sham-operated mice (n=5) served as controls (open circles). For 
direct comparison, data are expressed as percentage of the p0 2 
values detected in sham-operated mice, on the corresponding day 
postimplantation. The actual values of myocardial p0 2 during sham 
surgery or before coronary artery occlusion were 19±1 and 
20±2 mm Hg, respectively. BL indicates before ligation; BMPC, 
bone marrow progenitor cell; ISC, ischemia, immediately after 
ligation; further on the abscissa, days after coronary ligation; LiPc, 
lithium phthalocyanine. Data are presented as mean±SD. EPR 
denotes electron paramagnetic resonance. 



absent from regions that contained intramural hemorrhages, 
seen on the surfaces of most hearts (Figures 1B, 1C, and 3A). 
This segregation of areas containing BMPCs from those 
containing mostly mural erythrocyte pools, both of blood 
origin, suggested that the mechanism of these cellular 
recruitment events must be different. Indeed, locations of 
blood pools were more central to the infarcted areas or at the 
interface of bone marrow cell-devoid areas with LacZ- 
expressing zones (Figure 3A). Occasionally, hemorrhages 
were accompanied by ventricular aneurysms (Figure 3B), 
suggesting the mechanical failure of the tissue. Microscop- 
ically, in the LacZ-positive zones erythrocytes were often 
contained within thin p-galactosidase-expressing neovascular 
profiles (Figure 2J and 2K). However, an abundance of free 
erythrocytes was also found deeper in the infarct area, with an 
unexpected increase in frequency toward the LacZ-negative 
core (Figure 3A). Microscopically, the erythrocytes were often 
found in extravascular pools, associated with sites of muscle 
ruptures (Figure 3B and 3C). Their morphology was intact, 
with uniform density of hemoglobin. Combined with the 
absence of hemosiderin deposits in macrophages, these 
observations suggested that the origin of the fresh blood 
"lakes" was directly from the LV cavity, as confirmed by 
histology (Figure 3D). Collectively, these observations showed 
that the fresh blood pools corresponded to the hemorrhages 
observed on the surface of hearts and represented percola- 
tion of erythrocytes derived from microvascular and/or 
muscle ruptures. Indeed, in the current study «60% of 
untreated mice died post-MI, mostly from ventricular rupture 
documented at autopsy, in line with previous results. 37 
Another key observation was that in the thinned regions of 
the ischemic myocardium the majority of cells remaining to 
protect the muscle from disintegration (Figure 3D) were 
noncardiomyocytes, many staining for smooth muscle-type 
alpha actin (Figure 2E) and/or primitive markers (Figure 2G 
through 2J). These findings suggest that BMPCs, as origina- 
tors of the myofibroblast pool, 14,15 may have a role in 
biomechanical stabilization of necrotic myocardium, possibly 
even before collagen deposition in the postinfarction scar 
(Figure 2F). 

Passive Reoxygenation of Infarcted Regions After 
Coronary Ligation 

The observation that erythrocytes were present in the 
infarcted myocardium but were inversely correlated with the 
distribution of BMPCs prompted us to measure oxygenation in 
the ischemic hearts. To this end, we used EPR oximetry to 
measure p0 2 , with implantation of oximetry probe LiPc 25 
microcrystals at the time of coronary ligation into the area at 
risk and into the border zone. We found that immediately after 
coronary ligation oxygen levels decreased from w20 to 
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<2 mm Hg in the central zone. However, the low p0 2 in this 
location began to reverse after 24 hours, with about half 
recovery to baseline levels after 3 days and almost full 
recovery by day 5 postinfarction (Figure 3E). p0 2 detected in 
the border zone remained only marginally lower than that in 
control animals. 



Origin and Consequences of ROS and RNS 
Generated in Infarcted Myocardium 

Next, we hypothesized that the spontaneous reoxygenation of 
the ischemic tissue at the infarct core could trigger increased 
free-radical generation in a manner similar to classical 
ischemia-reperfusion, 38 and this might limit BMPC accumula- 
tion in central areas of the infarct. To test this possibility, we 
first detected ROS formation and distribution using whole- 
heart incubation with ROS-sensitive fluorescent probes DHE 



(sensitive to superoxide ) and CM-DCF-DA (sensitive to H 2 0 2 
and other ROS 40 ), and we compared their pattern with that of 
LacZ staining. We found that at the core of infarcts there was 
substantial DHE-detectable superoxide formation, accompa- 
nied by a time-dependent increase of CM-DCF-DA staining 
(Figure 4A through 41) in a pattern visible from the surface 
and inversely mirroring the distribution of LacZ + bone 
marrow-derived cells (Figures 1B and 3B). 

To assess the origin of ROS in the infarcted hearts, we 
preincubated the heart sections in the presence or absence of 
inhibitors of ROS-generating enzymes and then performed 
ROS measurements with the addition of DHE (Figure 5A). In 
nontreated sections, we found that average DHE fluorescence 
intensity increased over the 7 days post-MI (Figure 5A, 
column labeled "DHE"). This signal was largely abolished by 
SODm, confirming that it was secondary to superoxide 
(Figure 5A, column "Background"). Slides pre-incubated with 
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Figure 4. Imaging ROS formation in infarcted hearts. A through D, Whole-mount fluorescence imaging of ROS formation with CM-DCF-DA 
(green) and DHE (red) in hearts after infarction (location of coronary ligation identified by the star). A, Heart at 1 day: a small surface spot is 
positive for the 2 probes (dashed white circle). B, Heart 3 days after coronary ligation; note the increased size and intensity of the CM-DCF-DA- 
positive spot (dashed circle). C, Infarcted heart at 7 days, showing further expansion of green fluorescence area. D, Opposite side of the same 
heart as in (C), where no green fluorescence in the ventricular region is seen (control for staining in A through D; the atria also show residual 
fluorescence, either as effect of surgical manipulation at coronary ligation and/or as autofluorescence). E, Optical imaging of the same heart as in 
(C); ligation point shown by star, identifies mural hemorrhages corresponding to the absence of staining in (C) consistent with the H 2 0 2 - and RNS- 
scavenging activity of hemoglobin 41 (arrowheads in C and E). F, Cryosection from a heart 3 days after coronary ligation stained with DHE and 
counterstained with DAPI. Note the bright staining on the heart surface (arrow, compare with H), corresponding to exposure of a band of higher 
intensity (limited by the highlighting lines in G). G, DHE staining seen in the midmyocardial border zone. In these sections, the core of the infarct 
(right from dashed lines) has a paucity of staining because of the low density of the nuclei. The solid and dashed lines approximate the border 
zone. H and I, Corresponding CM-DCF-DA staining of the sections in F and G. J, Cells double-positive for Griffonia simplicifolia-F\TC lectin (green) 
and eNOS (red, arrows), present in the infarct border zone 7 days after coronary ligation. From each of the 3 hearts per condition 3 x 5-u.m-thick 
transverse sections were analyzed. Original magnifications: F through I, x20; J, x40. Bars: 50 urn. CM-DCF-DA indicates 5-(and-6)-chloromethyl- 
2',7'-dichlorodihydrofluorescein diacetate; DAPI, 4',6-diamidino-2-phenylindole; DHE, dihydroethidine; eNOS, NOS3 (nitric oxide synthase, 
endothelial); FITC, fluorescein isothiocyanate; RNS, reactive nitrogen species; ROS, reactive oxygen species. 
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Figure 5. Time course and source of superoxide generation in heart tissue during chronic ischemia. A, Representative fluorescence 
photomicrographs of confocal optical sections of left ventricle myocardium labeled with DHE and counterstained with DAPI for nuclei. Each panel 
shows infarcted regions with infiltrated cells and adjacent myocardium. Original magnification: x20; bar, 100 u.m for all images. B, Effect of in 
vivo treatment of mice with the SOD mimetic MnTMPyP (SODm). Representative images of frozen sections of LV myocardium from SODm-treated 
and untreated mice after 7 days of coronary ligation, labeled with DHE. Each panel shows infarcted regions with infiltrated cells and adjacent 
myocardium. Bars, 100 u.m. C, Intensity of DHE fluorescence measured from the corresponding left ventricle sections of controls and Ml at 1, 3, 
5, and 7 days, (DHE) and after pretreatment of sections with the NADPH oxidase inhibitor VF244 (+VF244) or the NOS2 inhibitor L-NIL (+L-NIL). 
Displayed results are based on subtraction from all values of the residual background fluorescence after treatment of the sections with the SODm 
MnTBAP (background column in A). Values are means±SD per each condition (arbitrary fluorescence units), n=3 to 5 images per section from 3 
sections, each from a different heart. \P<0.05 VF244 vs untreated (DHE) Ml groups; *P<0.01, L-NIL vs untreated (DHE) Ml groups. D, Total 
intensity of DHE fluorescence measured from the corresponding left ventricle sections of Ml at 7 days from controls (PBS treated) and SODm- 
treated mice. Values are means±SDs (in arbitrary fluorescence units per microscopic field, n=3 to 5 images per section, from 3 sections, each 
from a different heart); *P<0.001. DHE indicates dihydroethidine; L-NIL, N6-(1-iminoethyl)-L-lysine, dihydrochloride; LV, left ventricular; Ml, 
myocardial infarction; MnTBAP, Mn(lll)tetrakis(4-benzoic acid)porphyrin chloride; MnTMPyP, manganese (III) tetrakis ( 1 -methyl-4-py ridyl) porphyrin 
NADPH, nicotine adenine dinucleotide phosphate, reduced; NOS2, nitric oxide synthase, inducible; PBS, phosphate buffered saline; SOD, 
superoxide dismutase. 
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saturating concentrations of the NADPH oxidase inhibitor VF- 
2 4 4 32 also showed reduced fluorescence (Figure 5A, column 
"+VF244"). Furthermore, the fluorescence could be almost 
completely blocked by L-NIL, a selective NOS2 inhibitor 4 ' 
(Figure 5A, column "+L-NIL"). These observations suggest 
that NOS2 is another major source of superoxide in this 
tissue, most likely via "uncoupling." Recently we 42 and 
others 43 have demonstrated that NOS uncoupling with a 
switch from NO generation to superoxide production occurs in 
ischemic myocardium. Because the DHE signal in 1-day 
ischemic hearts did not respond to the above inhibitors 
(Figure 5C), one may assume a different origin of early ROS 
formation. As previously reported, the mitochondrial electron 
transport chain, xanthine oxidase, and uncoupled endothelial 
form of NOS (NOS3) all can give rise to superoxide formation 
during the process of ischemic or postischemic injury. 44 In 
this regard, we also found numerous isolated, lumen-less 
infiltrating cells positive for NOS3 in the infarcted region, 
concurrent with positivity for G. simplicifolia isolectin B4 45 
(Figure 4J). 

We also tested if in vivo inhibition of ROS formation can 
protect BMPC engraftment by treating the mice with SODm. 
This was injected intraperitoneally starting 24 hours after 
coronary occlusion to prevent interference of the treatment 
with the early inflammatory response, which is also ROS 
dependent 46 In sections obtained from the hearts of these 
SODm-treated mice DHE fluorescence was very low (Fig- 
ure 5B and 5D, "Ml, 7 days+SODm"), as opposed to hearts 
from untreated control mice (Figure 5B and 5D, "Ml, 7 days"; 
semiquantitative data graphed in Figure 5D). This supports 
the notion that ROS are the source of the fluorescence signal 
seen and confirms that pharmacologic manipulation of ROS 
within the infarcted hearts by in vivo administration of an 
antioxidant is possible. 

The presence of NOS2 in the infarcted hearts was directly 
assessed by immunochemistry. In the current study, normal 
hearts showed only trace immunostaining for NOS2 (Fig- 
ure 6A), whereas after coronary ligation anti-NOS2 immuno- 
staining in the infarct significantly increased by day 3 and 
then continued to rise to day 7 (Figure 6B through 6E). 
Reaction of superoxide and NO is known to produce the highly 
reactive oxidant peroxynitrite, which combines with tyrosyl 
residues in proteins and produces the adduct 3-nitrotyrosine 
(NT), which is toxic for infarct-accumulating circulating cells, 47 
including those with progenitor character. 48 Indeed, the 
frequency of small (noncardiomyocytes) NT-positive cells 
increased in a time-dependent fashion in infiltrated areas 
(Figure 6B through 6E). As expected, the number and tissue 
density of these NT-positive cells was much lower in sections 
from mice 7 days post-MI that were treated with SODm 
(Figure 6F and 6G). To verify whether reactive oxygen/ 
nitrogen species (ROS/RNS) formation affects the survival of 



progenitor cells and the relationship of this to NT formation, 
slides stained with an anti-NT antibody and counterstained 
with DAPI were further analyzed for nuclear morphology. In 
the same areas displaying NOS2 immunoreactivity, we also 
found small (ie, circulation-derived) cells positive for the NT 
adduct, displaying condensed (picnotic) or fragmented nuclei, 
both features of apoptosis (Figure 6H), consistent with a prior 
study focused on this topic. 47 

Next, to assess the impact of ROS-derived toxicity on the 
cellular dynamics in the infarcted hearts, we studied the 
kinetics of CD34 + cell recruitment (Figure 7A through 7F), a 
cell class that represents bone marrow-derived progenitors 
for both endothelial cells 49 and myofibroblasts. 14 These cells 
substantially accumulated over the first 3 days postinfarction, 
but plateaued on day 5, and at 1 week their numbers declined 
back to levels of day 1 postinfarction (Figure 7G). Consistent 
with ROS-induced limitation of cell survival, in vivo treatment 
of mice with SODm almost doubled the density of these 
CD34 + cells in the infarcted hearts compared with nontreated 
controls (Figure 7G). 

Functional Benefits of Pharmacological Inhibition 
of ROS/RNS Formation in Infarcted Hearts 

The animals treated with SODm after infarction showed 
remarkable improvement in survival (Figure 8A). In addition, 
SODm treatment also increased the coverage of the ventric- 
ular wall with BMPCs as seen from the surface (Figure 8B 
versus 8C) and detected by the surface density of LacZ 
staining in hearts from mice subjected to bone marrow 
transplantation (Figure 8D). Coincident with the increased 
number of recruited progenitor cells, SODm treatment also 
had beneficial structural and functional consequences as 
measured by cardiac magnetic resonance imaging. Decreased 
LV wall thinning at the infarct was seen with «43% greater 
minimum LV wall thickness with SODm treatment (Figure 8E) 
and cardiac output was «27% higher (Figure 8F). Postmortem 
anatomical evaluation indicated that the improved survival 
derived primarily from the increased minimum wall thickness 
with resistance to cardiac rupture. 



Discussion 

Intervention-based revascularization in some coronary artery 
disease patients is not always possible; therefore, the native 
capacity of the heart to sustain chronic ischemia and to 
undergo even a limited recovery is of great importance. 50 
Clinical practice shows that the hearts of certain Ml patients 
could spontaneously recover not only functionally but struc- 
turally as well. 51 Therefore, the intrinsic regenerative potential 
of the heart could be further amplified by cellular or 
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Figure 6. Distribution of N0S2 and 3-nitrotyrosine (NT)-producing cells in myocardia of mice subjected to coronary ligation. Representative 
sections of the hearts probed for NOS2 (green fluorescence) and NT (red fluorescence) in controls (A), after 1 day (B), after 3 days (C), after 5 days 
(D), and after 7 days (E), and at 7 days in the hearts of animals treated with SODm (F). Insets show higher magnifications of the cells within 
dashed squares. Bars: 100 urn. G, Semiquantitative assessment of the corresponding NOS2 antigen by immunofluorescence. Values are 
mean±SEM (n=3 to 8 sections from 3 different hearts); *P<0.05, NOS2 vs control; #P<0.05, NT vs control; and fP<0.01, myocardial infarction 
(Ml), 7 days+SODm vs Ml, 7 days. H, Strong NT immunostaining (red) in cell fragments and in the cytoplasm of mononuclear cells recruited into 
the infarct area. Inset: Concurrent apoptosis, revealed by nuclear fragmentation and shrinkage (picnosis; blue) taking place in NT-positive cells 
(arrows). 



pharmacological interventions, although numerous uncer- 
tainties persist regarding the actual processes involved. 53 In 
circulation there are cells known to be largely derived from 
bone marrow, with release stimulated by acute injury, such as 
in Ml. 54 Therefore, the factors that modulate circulating 
stem/progenitor cell engraftment need to be better under- 
stood. The effects of tissue oxygenation, the redox state, and 
oxidative stress on this process of myocardial regeneration 
and healing are not known in sufficient detail. To address 
these critical questions, we studied the process of spontane- 



ous BMPC recruitment in a mouse model of coronary 
occlusion in relationship to myocardial oxygenation and 
ROS/RNS formation. 

This study demonstrates the following important findings: 
(1) recruitment of large numbers of BMPCs occurs in compact 
areas mediating myocardial and vascular repair post-MI, along 
with stabilization of the thinned necrotic myocardium against 
mechanical disintegration; (2) this process is limited to a 
banded region partially overlapping but larger than the 
infarct's classical "border zone"; (3) delayed myocardial 
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Figure 7. Dynamics of CD34 + progenitor cell recruitment in post- 
myocardial infarction (Ml) mouse hearts. The hearts were subjected 
to LCA ligation for 1 day (B), 3 days (C), 5 days (D), and 7 days (E). 
A, Control. F, Ml at 7 days in animals treated with SODm. 
Representative sections of the hearts probed by immunofluores- 
cence for CD34 (red); nuclei (blue). Insets show higher magnifica- 
tions of the cells within dashed squares. Bars: 100 u.m. At 7 days, 
circular profiles (E, inset) suggest endothelial differentiation (com- 
pare with Figure 1H). G, Quantification of total CD34 fluorescence 
intensity. Values are mean±SD (n=3 sections, each from a different 
heart); *P<0.01 vs control; fPO.001 Ml, 7 days+SODm vs Ml, 
7 days. LCA indicates left coronary artery. 



reoxygenation occurs in the infarct core, triggering enhanced 
ROS/RNS formation; (4) ROS/RNS-induced cytotoxicity con- 
trols the distribution and thus the limited engraftment of 
BMPCs; (5) ROS/RNS formation can be countered by 
administration of an antioxidant SOD mimetic, resulting in 
enhanced BMPC accumulation coincident with improved 
cardiac function and increased postinfarction survival with 
decreased incidence of ventricular rupture, a main mechanism 
of death after coronary ligation in mice. 55 



Pattern of BMPC Infiltration 

At 1 week postinfarction, which corresponds to the peak of 
BMPC recruitment, 56 the signs of fibrosis were still minimal, 
but we found many LacZ + cells (ie, of bone marrow origin), 
with cardiomyogenic, neovascular, and fibrogenic commit- 
ment, similar to studies using eGFP-labeled bone marrow 
cells. 57 ' 58 The localization of these BMPCs within the risk 
region was preferentially in a large but variable band at the 
interface of normal with damaged tissue, where these cells 
appeared more differentiated (as microvessels, macrophages, 
and patches of LacZ + -troponin l + cells). Toward the infarct 
core, these BMPCs were detectable mostly as myofibroblasts 
(LacZ + -SMA + cells). 

The core of the infarct was generally less colonized by 
BMPCs, but hypoxia alone cannot explain this pattern of 
BMPC recruitment. In vivo monitoring of oxygenation revealed 
that after the initial severe hypoxia following coronary ligation, 
p0 2 at the core of the infarct recovered within 3 to 5 days to 
levels comparable to those before coronary ligation, before 
the maximal BMPC mobilization, which was at peak at 
1 week. 56 The absence of organized vascularization at the 
infarct core strongly suggested that this reoxygenation was 
not derived from the microcirculation. Instead, our results 
indicated that the recovery of myocardial oxygen levels was a 
result of the combined effects of marked wall thinning and 
decreased oxygen consumption in the infarct and possibly 
from facilitated oxygen diffusion mediated by percolating 
extravascular erythrocytes. 

We previously described extravascular percolation of 
erythrocytes in tissues as an effect of monocyte/macrophage 
proteolytic activity and penetration of the extracellular matrix, 
leaving behind "tunnels."' 9 We speculate that in the biome- 
chanically active heart muscle these "cracks" in the tissue 
may expand and accommodate increasingly more blood, as 
actually shown here histologically as blood pools. The 
presence of extravascular erythrocytes in compact and 
extended structures, sometimes crossing the myocardial wall 
from the ventricular cavity to the epicardium, was also 
described by others in mice with ventricular rupture (called 
"channels" 37 and found to be instrumental for this process 59 ). 
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Figure 8. Cardiac structural and functional effects of in vivo antioxidant treatment (A). Kaplan-Meyer analysis of mice survival after coronary 
ligation. Solid line, mice treated with SODm (n=21); dashed line, controls (n=20); *P=0.02 by log-rank statistical analysis (arrow, starting of 
treatment). B and C, Representative images of LacZ stained hearts from mice with bone marrow transplantation 7 days after coronary ligation to 
reveal areas of recruited BMPCs. B, Control heart. C, Heart of a mouse treated with SODm for 6 days after coronary occlusion; note the increased 
intensity of blue staining, indicative of increased BMPC recruitment in the infarct area (blue staining in the atrial region in this case is derived from 
the attached thymus). D, Semiquantitative image analysis of BMPC-derived B-galactosidase product on the surface of hearts in the control and 
SODm-treated mice (arbitrary units of blue color intensity). E, Minimum left ventricular wall thickness in control Ml and SODm-treated Ml mice 
7 days after Ml, as measured from gated cardiac MRI during diastole. F, Cardiac output in surviving mice that received SODm compared with 
those injected with vehicle-only (PBS), measured by gated cardiac MRI. D through F, Values are mean±SD (n=6 hearts per group); *P<0.05. BMPC 
indicates bone marrow progenitor cell; LV, left ventricular; Ml, myocardial infarction; MRI, magnetic resonance imaging. 



A tunneling-based mechanism for translocation of resident 
progenitor cells themselves was proposed as well. 60 

Myocardial Reoxygenation Triggers ROS/RNS 
Formation 

Thus, a key process in the passive reoxygenation of mouse 
hearts after permanent coronary ligation is wall thinning and 
concurrent mechanical failure leading to local microhemor- 
rhages with erythrocyte percolation and, in a sizable propor- 
tion of mice, to ventricular rupture and death. One week after 
infarction the "ring" of BMPC engraftment was compactly 
distributed on the margin of the infarcted zone, whereas pools 
of erythrocytes were often noted in the central area. This 



segregation argues for different modes of tissue penetration 
of these blood-borne cells. Between 24 and 72 hours after 
coronary ligation, reoxygenation of the previously severely 
hypoxic infarct core occurred. Recovered oxygen delivery by 
both passive and perhaps facilitated diffusion from percolated 
red cells, along with likely decreased tissue oxygen consump- 
tion, could explain the higher oxygen levels observed. This late 
phase of postinfarction reoxygenation could support the 
enhanced ROS/RNS formation that occurs resulting in BMPC 
apoptosis, most marked at the infarct core. Although some 
controversy remains, 61 BMPCs and circulating stem/progen- 
itor cells in particular have been found to be sensitive to 
overproduction of ROS. 62 In addition, endothelial progenitor 
cells are a site of peroxynitrite formation 48 with subsequent 
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reduction in survival. Based on studies with inhibitors, this 
process of enhanced ROS/RNS formation was shown to be 
largely derived from iNOS and NADPH oxidase. Accordingly, in 
this study inhibition of iNOS and of NADPH oxidase markedly 
decreased measured ROS formation in the infarct core and 
border zone. 

Antioxidant Treatment Enhances BMPC 
Engraftment, Cardiac Function, and Survival 

We also found that antioxidant administration of an SOD 
mimetic in a window of opportunity starting 1 day after 
infarction (to avoid interference with natural recruitment of 
acute inflammatory cells) leads to substantial improvement of 
animal survival. At the macroscopic level, magnetic resonance 
imaging data showed that this was a result of decreased wall 
thinning with resulting biomechanical stabilization, reducing 
the incidence of rupture. At the microscopic level, increased 
engraftment and survival of BMPCs were coincident with 
decreased intramural hemorrhages and ventricular rupture, 
which in turn limited the increase in end-systolic and diastolic 
volumes of infarcted mouse hearts and increased their 
ejection fraction. 64 This is in accordance with prior reports 
on the beneficial effects of inhibition of ROS generation either 
in cardiomyocytes in situ 65 or in progenitor cells prior to use 
for cell therapy. 9 

The general protective role against ROS/RNS cytotoxicity 
of superoxide dismutase enzymes and mimetics, which also 
play a critical role in inhibiting oxidative inactivation of nitric 
oxide, thereby preventing peroxynitrite formation, is well 
documented. 66 The current report is the first to demonstrate 
the beneficial effects of pharmacological inhibition of super- 
oxide formation in enhancing BMPC engraftment, myocardial 
resilience, and animal survival post-MI. With our observations 
that myocardial reoxygenation occurs post-MI, leading to 
stimulation of ROS/RNS generation from iNOS and NADPH 
oxidase, the protective effects of an SOD mimetic would be 
expected. These findings are consistent with our current data 
and those of others 47 demonstrating NT formation in 
engrafting cells and its association with their observed 
nuclear disintegration and apoptosis. Thus, SODm treatment 
dismutates superoxide, preventing peroxynitrite formation 
and secondary BMPC injury and death. 

Limitations and Perspectives 

Among the limitations of our study is that it was confined to 
the first week after permanent coronary ligation (7 days being 
both the peak of BMPC mobilization within the infarcted 
mouse heart 56 and of cardiac gp9 1 phox expression 47 ). The true 
identity of the involved BMPCs, beyond their expression of 
LacZ or CD34, remains to be explored in more detail, as well 



as the contribution of inflammatory cells (including the role of 
the ROS they produce) to muscle microruptures and eryth- 
rocyte percolation. Another area of future in vitro and in vivo 
studies is the specific impact of SODm on BMPC functions in 
the context of their contribution to postinfarction events in 
the heart. 



Conclusions 

We observed that recruitment and survival of BMPCs in the 
infarct and border zone following Ml are controlled by ROS/ 
RNS that reduce the survival of BMPC in the process of 
engraftment. As depicted in Figure 9, the formation of these 
cytotoxic ROS/RNS is triggered by a reoxygenation that 
occurs from wall thinning, muscle microruptures, and extra- 
vascular erythrocytes that percolate through the myocardial 
wall. In the presence of these restored oxygen levels, the 
enzymes NOS2 (iNOS) and NADPH oxidase lead to the 
formation of cytotoxic levels of ROS/RNS. Pharmacological 




Figure 9. Mechanistic summary. Postinfarction recruitment and 
survival of BMPCs are limited by toxic ROS/RNS generated from 
reoxygenation due to wall thinning and muscle microruptures. 
Antioxidant treatment blocks ROS/RNS formation and preserves 
BMPC viability, allowing their protective functions (paracrine and/or 
fusion with cardiomyocytes or their differentiation into collagen- 
secreting myofibroblasts and other myocardial cells). These changes 
contribute to increased wall thickness and animal survival. Colors: 
red/orange, pathological processes; blue, reparative interventions. 
BMPC indicates bone marrow progenitor cell; LV, left ventricular; 
ROS/RNS, reactive oxygen/nitrogen species. 
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treatment with a SOD mimetic blocks ROS/RNS formation, in 
turn preventing BMPC death. We suggest that this interven- 
tion, by preserving BMPC viability, may allow their paracrine 
contribution to improved survival of cardiomyocytes, as well 
as their possible differentiation into collagen-secreting myo- 
fibroblasts or other myocardial cells. The favorable BMPC 
survival, engraftment, and differentiation may thus contribute 
to the noted increase in contractile function and wall 
thickness, with prevention of ventricular rupture, ultimately 
leading to increased survival. 
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